Investigations of high-intensity isometric fatiguing protocols report decreases in motor 20 unit firing rates (MUFRs), but little is known regarding changes in MUFRs following 21 fatigue induced by high-intensity dynamic contractions. The purpose was to evaluate 22
MUFRs of the anconeus (an accessory elbow extensor), and elbow extension power 23 production as a function of time to task failure (TTF) during high velocity fatiguing 24 concentric contractions against a moderately heavy resistance. Fine-wire intramuscular 25 electrode pairs were inserted into the anconeus to record MUs in 12 male participants (25 26 ± 3y), over repeated sessions on separate days. MUs were tracked throughout a three-27 stage, varying-load, dynamic elbow extension protocol designed to extend the task 28 duration for >1 minute thereby inducing substantial fatigue. Mean MUFRs and peak 29 power were calculated for three relative time ranges: 0-15% TTF (beginning), 45-60% 30 TTF (middle) and 85-100% TTF (end). Mean duration of the overall fatigue protocol was 31 ~80 seconds. Following the protocol, isometric MVC, highest velocity at 35% MVC 32 load, and peak power decreased 37%, 60%, and 64% compared to baseline, respectively. 33
Data from 20 anconeus MUs tracked successfully throughout the protocol indicated a 34 reduction in MUFRs in relation to power loss from 36 Hz/160W (0-15% TTF) to 28 35
Hz/97W (45-60% TTF) to 23 Hz/43W (85-100% TTF). During these high-intensity 36 maximal effort concentric contractions, anconeus MUFRs decreased substantially (> 37 35%). Although the absolute MUFRs were higher in the present study than those reported 38 previously for other muscles during sustained high-intensity isometric tasks, the relative 39 decrease in MUFRs was similar between the two tasks. 40
INTRODUCTION 52
Neuromuscular fatigue is defined as an exercise-induced decrease in the ability to 53 generate maximal torque or power regardless of whether the task can be performed 54 successfully (8). Manifestation of neuromuscular fatigue varies depending on a variety of 55 factors including the muscle or muscle group that is used (1, 24), the task being 56 performed (maximal or submaximal, dynamic or static) (10), age (1, 16, 17) and sex (36) 57 of the participants, and the method used to assess fatigue (20). With regard to task, 58 compared with isometric contractions, there may be fundamental differences in dynamic 59
contractions that can influence neuromuscular fatigue processes, such as rate of energy 60 expenditure, degree of afferent inhibition, or metabolite accumulation (20) . Furthermore, 61 the production of a high velocity contraction may require greater synaptic input compared 62 to slow dynamic or isometric contractions (25, 29, 33, 52). Thus, higher motor unit firing 63 rates (MUFRs) with lower recruitment thresholds likely contribute to fast dynamic 64 performance (29, 30). Very little information is available about adaptations in neural 65 drive during dynamic fatiguing contractions. Therefore, the present investigation is 66 important because it is the first to assess changes in MUFRs in maximal effort velocity-67 dependent contractions in response to fatigue. 68
For fatigue induced by sustained high-intensity isometric protocols, the greatest fatigue 69 and depressions of MUFRs occur within the first 1-2 minutes (5, 17, 39). To accomplish 70 a similar outcome with concentric contractions requires a load much less than an MVC 71 that can be moved throughout a full joint range of motion repeatedly for sufficient 72 duration to induce muscle fatigue. Peak power (the optimal combination of force x 73 velocity) occurs at about a 40 -50 % MVC load (18, 37) and at loads much higher 74 minimizing cross-talk and the signal is not affected by the low pass filtering properties of 166 subcutaneous tissue and the movement artifact resulting from the skin-electrode interface. 167
The intramuscular electrode pairs were inserted into the 1) anconeus ~1-2 cm distal to the 168 midpoint between the lateral epicondyle of the humerus and the olecranon process of the 169 ulna, 2) the lateral head of the triceps brachii above the midshaft of the posteriolateral 170 humerus, and 3) the long head of the triceps brachii midshaft above the posteriomedial 171 humerus. A common ground was placed over the acromion. In all sessions, after the wires 172 were inserted, the participants were asked to move a light load (<10 Nm) several times 173 through the range of motion to embed the wires securely into the muscle and to assess 174 signal fidelity. The EMG signal was passed through a preamplifier unit, which was very 175 near (~15 cm) to the muscle to minimize lead length (to reduce low frequency input). 176
The signal was then directed to the main board and amplifier, which was approximately 1 177 m away from the acquisition site. EMG recordings from the intramuscular wires were 178 pre-amplified (100-1000x, Neurolog, Welwyn City, England), band-pass filtered between 179 10 Hz -10 kHz, and digitized at a rate of 12 500 Hz for the anconeus single MU 180 recordings and at 5 000 Hz for the global intramuscular EMG. One to four sessions of 181 the protocol on separate visits were necessary to obtain an adequate sample size and 182 quality of MUs over the duration of the fatigue protocol. One participant completed a 183 single testing session, 9 participants completed two testing sessions, and the remaining 2 184 participants completed four testing sessions. There was a minimum of three days between 185 testing sessions for participants who repeated the protocol. Doublet twitches were evoked 186 using two high frequency (100 Hz, 200 μs pulse width) pulses delivered by a stimulator 187 (DS7AH; Digitimer, Ltd., Welwyn Garden City, Hertfordshire, UK) via two custom-188 made aluminum foil, gel-coated stimulation electrodes. The stimulation electrodes were 189 placed transversely over the triceps brachii muscle group. The anode (~5 x 6 cm) was 190 placed ~ 10 cm proximal to the olecranon process of the ulna and the cathode (~5 x 12 191 cm) was placed ~ 10 cm distal to the axilla. With the elbow joint angle at 90 °, stimulator 192 current intensity was increased until twitch torque amplitude showed no further increase. 193
The stimulator current intensity was increased at least an additional 15 % to ensure that 194 supramaximal stimulation was delivered. In the separate five sessions during which global intramuscular EMG was collected, 252 average root mean square (RMS) was determined during the 35% MVC V max contractions 253 pre-and immediately post-fatigue for the anconeus, and the lateral and long heads of the 254 triceps brachii. RMS of the global EMG post-fatigue was expressed relative to baseline 255
RMS. 256
Peak power (Watts (W)) was calculated as the maximal product of torque (Nm) and 257 angular velocity (rad/s) for each contraction. Average peak power was determined for 258 contractions in each of three time bins from which a MUFR was measured (0 -15 %, 45 259 -60 %, and 85 -100 % TTF). 260
Peak elbow extension power, MVC torque, and angular velocity at 35 % MVC load 261 (V max35 ), and VA were determined for each subject at baseline, 0, 2, 5, and 10 mins after 262 the fatigue protocol was completed (post-fatigue) (pre, post0, post2, post5, post10, 263 respectively). VA (%) was calculated using the following formula: [(1 -(SIT/POT)) * 264 100]. P T was assessed at baseline and at 0, 5, and 10 mins post fatigue. VA and P T were 265 assessed in only 7 participants because post fatigue twitches were severely depressed and 266 it was not possible to reliably calculate VA or measure P T in all participants at this time 267 point. Therefore, these participants were excluded from statistical analyses of these 268
measures. 269
Statistical Analysis. Two separate, single-factor repeated measures analysis of variance 270 (ANOVA) tests were performed to assess changes in MUFR and peak power as the 271 fatigue protocol progressed from 0 -15 % TTF to 45 -60 % TTF to 85 -100 % TTF. Post-hoc pairwise comparisons revealed that P T decreased immediately post-fatigue 316 (post0) by 73 % (2.5 ± 0.5 Nm) compared to baseline (pre) (9.3 ± 1.2 Nm, p < 0.05), but 317 was recovered to baseline by post5 (7.6 ± 0.8 Nm, p > 0.05) and post10 (6.6 ± 7.7, p > 318 0.05). 319
Motor Unit Firing Rate and Peak Power During the Fatigue Protocol 320
From 12 participants, 20 MUs (1-2 per participant) that met the inclusion criteria and 321
were tracked over the course of the fatigue protocol were included in the statistical 322 analysis. The challenge of making these recordings using a conservative acceptancecriteria for unit inclusion (see above), required testing 14 participants over the course of 324 the study, and most participants repeated the testing protocol on separate visits as many 325 as four times to acquire the current data set. The mean number of contractions from 326 which MUFR was assessed for each time bin was 6.9 ± 2.3, 6.8 ± 2.0, and 5.7 ± 1.5 at 0 -327 15 % TTF, 45 -60 % TTF, and 85 -100 % TTF, respectively. The average number of 328 interspike intervals used to calculate the MUFR for each contraction were 13.1 ± 6. Following the protocol, isometric MVC, V max35 , and peak power declined by 37 %, 60 %, 388 and 64 %, respectively. These reductions were greater than those reported from the three 389 other studies of dynamic elbow extensor fatigue, which were at submaximal levels (26, 390 27, 42). Depressed contractile properties are a common observation in fatigued muscle 391 (6, 7, 17, 40). This finding was confirmed in the present study wherein twitch amplitudes 392 after fatigue were 73 % lower, with some twitches too small to accurately measure, which 393 is a key marker of peripheral fatigue (19). Furthermore, the fatigue protocol induced 394 greater decreases in the dynamic measures (V max35 and peak power) compared to the 395 isometric MVC torque of the elbow extensors. Because the system was fatigued through 396 repetitive dynamic elbow extensions, rather than isometrically, it is not unexpected that 397 dynamic measures of mechanical function would be depressed to a greater degree 398 compared to static measures (10). Despite these large reductions, recovery was rather 399 rapid and although peak power, MVC, and V max35 did not return to baseline levels by 10 400 1 6 6 5 1 6 6 6 1 6 6 7 1 6 6 8 1 6 6 9 1 6 7 0 1 6 7 1 1 6 7 2 1 6 7 3 1 6 7 4 1 6 7 5 1 6 7 6 s 1 6 6 5 1 6 6 6 1 6 6 7 1 6 6 8 1 6 6 9 1 6 7 0 1 6 7 1 1 6 7 2 1 6 7 3 1 6 7 4 1 6 7 5 1 6 7 6 s 1   1646  1647  1648  1649  1650  1651  1652  1653  1654  1655  1656  1657  1658  1659  1660  1661  1662 Pre Fatigue Post Fatigue* 1 6 6 5 1 6 6 6 1 6 6 7 1 6 6 8 1 6 6 9 1 6 7 0 1 6 7 1 1 6 7 2 1 6 7 3 1 6 7 4 1 6 7 5 1 6 7 6 s 915  920  925  930  935  940  945  950  955  960  965  970  975  980  985  990  995  1000  1005 1   915  920  925  930  935  940  945  950  955  960  965  970  975  980  985  990  995  1000  1005 ti o n 1 6 6 5 1 6 6 6 1 6 6 7 1 6 6 8 1 6 6 9 1 6 7 0 1 6 7 1 1 6 7 2 1 6 7 3 1 6 7 4 1 6 7 5 1 6 7 6 s 
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